An accurate determination of the "time-of-flight" in swarm experiments with a parallel plate drift chamber requires that the time evolution of the charge induced on the collector is linear. This is obtained in very large chambers where the edge effects can be neglected. However, the experimental conditions of high-mobility carriers and highly pressurized gases impose some constraints on the acceptable drift cell dimensions. We have numerically calculated the effects of the finite size of the collector by exploiting the methods of the images. The numerical results have been experimentally checked using a suitable drift cell of variable geometry. As a result, a quantitative limit on the ratio between the collector radius and the drift distance has been established in order to design drift cells for which the edge effects can be neglected. P.A.C.S. numbers: 2940. 4110 D, 3480 B
Introduction
One of the most common cell configuration for electron drift velocity measurements in swarm ex periments is the " parallel-plate chamber". Here, two flat, parallel and. usually, circular electrodes are spaced by a known distance, d. A constant voltage is applied to the electrodes. Electrons injected into the drift space drift through the filling gas under the influence of the electric field from the negative electrode (the emitter) to the positive one (the collector). This is usually kept at a potential close to ground potential and the measuring apparatus is connected to it. If the density of the injected electrons is small enough to neglect space-charge effects and if the electrons are released far enough from the electrodes boundaries so that they move in a very uniform field, it can be assumed that the electrons drift at constant speed. The induced cur rent flowing in the external circuit or the charge induced on the collector can be calculated either by applying the energy conservation principle [1] [2] [3] [4] or by applying Green's reciprocation theorem [5] [6] [7] [8] [9] .
In the first case, the induced current is given by where q is the moving charge, E is the electric field acting upon the charge, V0 is the applied constant voltage and v is the drift velocity. E/V0 depends only on the cell geometry and for parallel plate electrodes E/V 0= d~\ where d is the drift distance. So, / turns out to be a constant = q/r, where t is the drift time or time-of-flight. By feeding the current I into a capacitor C, the voltage across it is simply given by 
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For negative charges, V(t) decreases linearly with
time until the whole injected charge is collected. In the second case. Green's reciprocation theorem immediately gives the total induced charge on the collector, which for the parallel plate configuration turns out to be directly proportional to the moving charge distance from the emitter:
where x is the distance o f the charge from the collector. So. if the charge drifts at constant speed, the current drawn from the external circuit to build up the necessary charge on the electrodes is con stant, too. Also in this case the voltage drop across the measuring capacitor turns out to be a linear function of time. In either way, the transit time of the electron swarm can be accurately determined from an extrapolation o f the linearly changing 0340-4811 / 8 6 / 0700-0912 $ 01.30/0. -Please order a reprint rather than making your own copy.
voltage waveform to find the start and end points of the electron motion in the drift space [10] .
Both aforementioned methods are based on the assumption of field uniformity and on the under stood hypothesis that the electric flux originating in the moving charge is completely linked with the electrodes. In fact, only in this case the total induced charge on the electrodes does equal the absolute value of the inducing charge, and the induced charge evolution on the collector follows a linear time dependence. However, there is not yet any quantitative suggestion on how far apart and how large with respect to their distance the electrodes have to be in order to satisfy the previously cited assumptions. It is normally accepted that they must be as large as possible to obtain a good field uniformity and that the addition of a guard ring, kept at about the same potential as the collector and closely surrounding it, greatly improves this uni formity [11] . Unfortunately, it is not always possible to make a cell following these criteria, particularly if the experiments are made with high-mobility electrons in highly pressurized gases. An accurate measurement of the drift time requires then a large drift distance, while a m axim um electrode radius cannot be exceeded in order to avoid large mechan ical stresses on the cell walls. In this situation, it may happen that the electrons released from the emitter are not far enough from the collector boundaries, so that a finite fraction o f the electric flux is linked with the guard ring and V(t) differs from a straight line. A good determination of the drift time is, however, still possible if the finite duration of the electron injection and the electron diffusion and attachment processes can be neglected. In fact, under such assumptions the beginning and the end of the voltage waveform are sharply defined. Unfortunately, these effects round off the edges of the voltage ramp and therefore the drift time must be determined by the previously outlined procedure with an accuracy which gets worse as the curvature of V(t) grows larger.
Clearly, one expects that the deviations from linearity become larger as the collector radius be comes smaller, but up to now there are no quan titative evaluations of these effects. There are only calculations to ascertain the edge effects on the charge induced on the collector of a semi-infinite parallel plate chamber when the inducing charge is released near the straight, indefinitely long bound ary line [4] , We have therefore performed numerical calculations to predict the shape of the voltage signal for different values of R /d , where R is the collector radius. To compare these calculations with the experiment, we have constructed and operated a simple parallel plate cylindrical drift cell in which the collector radius and the drift distance can be easily varied. The experimental and numerical results agree very well, thus allowing us to give a quantitative lower lim it for the ratio R /d which makes the edge effects negligible.
In Sect. 2 the experimental cell and the electrical circuitry are described; in Sect. 3 the mathematical problem to calculate the instantaneous induced charge on a finite size collector is set out and the numerical calculation details are exposed. In Sect. 4 the numerical and experimental results are quoted and compared. Finally, in Sect. 5 the conclusions are drawn.
The Experimental Apparatus and Procedure
The experimental cell and the measuring elec tronics are depicted in Figure 1 .
The two gold-coated brass electrodes are con tained in a cylindrical brass cell. The upper elec trode has a diameter of 75 mm and it is suspended from the upper flange by means of four PVC spacers. The central portion of this electrode has a seat for an UV-grade fused silica disk (2.5 cm diameter, 1 mm thickness) with the lower face coated with a 200 A thick Au film. The silica disk is pressed onto the electrode by a Viton O-ring to provide a good electrical contact for the gold film. A circular window (4 m m diameter) in the seat allows electrons to be emitted from the gold film when it is irradiated from the back with UV light by a pulsed low power Xenon flash lam p (E G & G, model 108FXAU) through the UV-grade fused silica window embedded in the upper cell flange.
The light pulse lasts % 9 \ is. Details on the prop erties and performance of such an emitter have been already described elsewhere [12] ,
The lower electrode is a multiple-collector as sembly. It rests on a PVC supporting disk and it consists of a central circular electrode with a diameter of 8 mm, coaxial with the electron emitt ing area of the upper electrode and surrounded by five concentric rings of increasing diameters. The outer diameters of these concentric electrodes are 12, 20, 32, 60 and 80 mm, respectively. The radius of the innermost electrode is twice as large as the radius o f the electron emitting area. The latter has been so chosen as to have a good compromise between two opposing requirements: a transversally narrow charge injection in order to minimize the influence o f the lateral diffusion and a reasonably large amount of injected electrons in order to have an easily detectable signal.
The gap between two consecutive annuli is about 0.5 mm. These electrodes are so shaped as to com pletely screen the insulating support. The central electrode is connected to the measuring electronics.
Each of the remaining electrodes may be either The current pulse is integrated by a 10 pF capacitor in parallel with the cell capacitance and with the stray wires capacitance so that the effective integration capacitance C E depends on how the ring electrodes are connected and on how large the drift distance is. The value of C E has been determined for each electrode connection and drift distance by operating the drift cell under vacuum and measur ing the time evolution of the capacitor discharge through the 109Q-resistor. The measured time con stants ranged between 25 and 60 ms corresponding to 25 pF < CE < 60 pF. The integration time constants are chosen much larger than the electron time-offlight (in our case ~ 10-20 ps), resulting in a large signal-to-noise ratio and a low signal distortion.
The voltage signal across the capacitor is then fed to a non-inverting amplifier with a gain of 100 (LF357). The amplifier output is recorded by a storage oscilloscope (H IT A C H I, model VC6041) and plotted by an X -Y recorder.
The filling gas, 99.9996% ultra pure He at a pressure of ~ 0.30 MPa was passed through an active charcoal trap cooled at 77.4 K before entering the cell. This was flushed with the gas many times before making the measurements. For each elec-trodes connection, measurements were made at several voltages to ascertain the influence of the attachment and diffusion processes. At the end of the measurement cycle, the measurements with the largest electrode were repeated to check whether the impurity content did significantly change, but no noticeable effect was detected.
Numerical Calculation of the Induced Charge
We want to calculate the time evolution of the charges induced on the conducting plates of an infinite parallel plate capacitor by a point charge drifting therein. If the applied electric field is constant, the method of the images is well suited because, for time varying signals, the plates can both be assumed to be grounded.
A straightforward application of this method (see Fig. 2 ) leads to an infinite set o f images of alternating signs and alternating spacings [13] [14] [15] . Many mathematical techniques have been devised to evaluate the sum of the conditionally convergent infinite series for the infinite capacitor [16] [17] [18] [19] any case, the solution for the total charge induced on the collector is obviously the same as the one obtained by applying Green's reciprocation theorem (3). In our case, however, we will directly deal with the infinite series which give the charge distribution and the total induced charge.
Let us consider two infinite circular conducting plates with a circular cylindrical coordinate system fixed on the collector. The r-axis is the cylindrical symmetry axis of this configuration. It is convenient to introduce primed dimensionless variables by scaling distances, times, and charges by the ap propriate relevant parameters, d = drift space, r = drift time, and q = drifting charge. Thus, the plates ar separated by a distance d' = 1. The collect ing plate is at z' = 0 and the emitting one is at z ' = l . A point on the collector has the coordinates (r\ (p, 0), where cp is the azimuthal angle. Let us consider only the charge induced on a central circular collector portion of radius R'=R/d, in sulated from the rest of the plate, which thus acts as a guard ring. Let us then suppose that a unit point charge, q ' = 1, is moving at constant speed towards the collector along the symmetry axis. At time t' = 0 the charge starts drifting at z' = 1 and at time t' = 1 it arrives at z' = 0. W hen the charge is at z' = x' at time t', the surface charge density, o', on the collector can be easily computed (see Fig. 2 ) and it is given by [9, 19] 
The total charge induced on the central disk of radius R ' is simply given by
Both o' and Q' depend on t' through jc' = 1 -t'.
There are three interesting limits for Q '(t',R '), which must be considered in order to check the The first lim it means that the electric flux is completely linked with the emitter as the charge gets started. The second one tells us that in absence of diffusion and attachment processes the whole drifting charge reaches the collector. Finally, the third lim it means that the Green's reciprocation theorem solution has to be recovered by the numerical calculations relying on the images method for an infinite collector.
Up until now, we have assumed an instantaneous charge injection and we have neglected the attach ment and diffusion processes. This is not the ex perimental case, however. The light pulse of the Xenon flash lam p has in fact a finite duration (f0~9|is), so that the electron injection cannot be approximated at all by a Ö function. However, if the electron injection has a time dependence expressed by a function N (/'), the total induced charge on the collector at time t' is given by the time convolution of N (t') with Q'(t\ R'):
for l ' S I .
(7)
Equation (7) gives also the charge stored in the measuring capacitor Q'c . For t ' > 1 the induced charges are neutralized step by step by the incoming charge, while an equal amount of charge is being stored in the capacitor. So, for t' > 1 we have two equations for the induced charge Q\ and for the stored charge Q'c : Only Q'c is directly measurable, and from now on we will focus our attention on it. The function N (t') can be obtained by measuring the output signal in vacuo with a small integration constant [12] . Its form has been interpolated by mean of the cubic splines method [20] and it is therefore numerically avail able, so that the convolution integral can readily be approximated by a summation.
Q i= N ( t '~ l)Q '(\ ,R ')
Furthermore, in real experiments the electron diffusion and attachment processes may not be neglected. In the mathematical scheme of the method of the images the electron diffusion process is not easy to be treated, for it leads to complicated elliptical integrals. But this effect can be made small by performing measurements with sufficiently high electric fields and with small electron emitting areas, and therefore it has not been presently taken into account. O n the contrary, the attachment process is very easy to be accounted for by the images method scheme because the attached elec trons can be assumed to remain Fixed on the symmetry axis. (Negative 0 2 ions have indeed a mobility * 1000 times smaller than that of the free electrons.) Under these assumptions, the numerical procedure to get the instantaneous total induced charge is the following.
First of all, the drift time was discretized by dividing it into 50 subintervals placing there 51 equally spaced nodes t\ , where t\ = 0 and t'5\ = 1.
Then Q '( t j ,R ') was computed for each R ' and t' through (5) by evaluating directly the sum of the series and also by numerically performing the in tegration by exploiting an adaptative quadrature routine [21] based on Simpson's integration rule as a check. The upper oc lim it of the summation index was replaced by 200. This is justified because o' (/-', t') and Q ' (?', R ') converge uniformly in r' [19] (Weierstrass M test [22] ) and the truncation error turns out to be completely negligible for our purposes. The computed Q '(t'h R ') values satisfy conditions (6.a) and (6.b), while condition (6.c) is satisfied for R ' ^ 2.5 with great accuracy (well within 0.2%). The Q '{t'h R ') values have then been interpolated with cubic splines to allow further, more refined calculations.
To evaluate the time convolution in (7), (8) , and (9), also taking into account the attachment process 
The attachment process is described by a fractional charge loss which depends exponentially on the distance travelled by the electrons. So, if is the electron mean free path for this process, the moving charge is reduced by a factor at = exp (-h'//.') at each step, while a corresponding fraction ß = 1 -a is left at the previous position as a static charge.
Injection gets started at t' = t\ and stops at t' = t'Ll. The first injected charge arrives at the collector at t ' = t'l2, and at time t' = t'Ls charge collection is completed. Let us furthermore define Q t= Q ' (/', R') and Q'c = Qc(t', R') . The function N (t') has been normalized so that the total injected charge is unity:
The charge stored in the capacitor is then given by the following equations:
For w ^ L 3, the final charge stored in the capacitor is
The first term of the r.h.s. of (13) represents the contribution due to the charges which have effec tively arrived at the collector. The second one is the contribution due to the static charges left behind in the drift space.
Comparison of the Experimental and Numerical Results
The [23] . In any case, as long as / ' is greater than unity and once the curve has been normalized to the appropriate final value, there is no a large distortion of the curve shape (well within a few percent) owing to the attachment process.
As it can be observed, there is an almost perfect agreement between the experimental and the computed curves. The little discrepancy between them is due to the neglected electron diffusion process that tends to smooth the final part of the experimental curve.
It has also to be noted that for R ' > 1.5 the curves are practically straight lines (except at the ends, where the finite injection duration does strongly influence the signal shape). So, the ratio R /d~ 1.5 can be assumed as the m inim um value to construct a god parallel-plate drift chamber endowed with a guard ring.
It would also be interesting to see what happens on the guard ring when the charge is drifting towards the collector. One expects that charge is also induced on the guard ring in a way that depends on the solid angle under which the guard ring is seen by the drifting charge. So, the charge induced on the guard ring should increase until the drifting charge arrives at half the way from the collector and then decrease to zero when the charge is collected. To test this prediction the connection of the elctrodes has been modified by shunting to ground the central electrode and connecting the remaining ones to the measuring apparatus. The resulting signal obtained with an applied field E = 25 V/cm and a drift distance 1 cm is depicted in Figure 5 . The signal can also be numer ically predicted by subtracting the curve calculated for R ' = 0.4 from that calculated for R ' = 3.0 with r = 24.1 (is. The properly normalized computed curve is also shown in Figure 5 . There is a nearly perfect agreement between the two curves.
Conclusions
W hen performing electron drift velocity mea surements in parallel plate chambers, one is faced with the problem to extract the electron drift time from the time evolution o f the charges induced on the collector. If one could work with an ideal indefinitely large cell, there were no problems: if the electrons drift at constant speed, the recorded signal has a linear time dependence and the drift time can be accurately determined.
However, this ideal situation does never occur in the actual experimental arrangements, where the drift cells have finite dimensions. So, one has to take into account the edge effects and to try to m inim ize them. To perform this job, it is necessary to know how the induced charges are distributed on the collector. Once the charge distribution is known, the total charge induced on collectors of different size can be computed and the waveform recorded during the electron m otion can be numerically predicted. These numerical predictions have been experimentally confirmed by recording the signal shape obtained operating a drift cell of suitably variable geometry.
From our numerical and experimental results it can be also deduced that the ratio R / d of the cell configuration should be at least « 2, in order to have almost perfectly linear signals from which the electrons drift time can be accurately determined.
For lower R /d values the finite size o f the collector strongly affects the signal shape, even preventing any determination of the drift time. It is therefore necessary to design parallel plate drift chambers in such a way that that lower bound on R /d is satisfied.
One must, however, be aware of the great im portance to have in any case a guard ring surround ing the collector and separating it enough from the lateral walls of the cell in which the electrodes are contained. In fact, in our calculations we have supposed such lateral walls to be at infinity, while in our experimental setup a guard ring with a m inim um width of ^ 10 mm was always in place. We can thus assume that the mutual influence between the charges induced on the lateral walls and those induced on the collecting electrode is ef ficiently screened by the presence of the guard ring. In this case the results we obtained turn out to be correct. In the opposite case, when no guard ring is present and the collector boundaries are near to the walls, one can get non linear curves even for R /d values higher than ~ 2.
